Abstract: Based upon published and unpublished data compiled for 275 populations, we describe large-scale spatial and temporal patterns in Atlantic salmon, Salmo salar, life history and model these data to evaluate how changes to life history influence optimal growth rate thresholds for sea age at maturity. Population means (ranges in parentheses) describe the following for salmon throughout its range: smolt length = 14.8 cm (10.5-21.5 cm); smolt age = 2.91 years (1.04-5.85 years); egg-to-smolt survival = 1.5% (0.2-3.2%); grilse length = 56.8 cm (48.5-70.0 cm); sea age at maturity = 1.60 years (1.00-2.64 years); smolt-to-grilse survival = 7.4% (1.3-17.5%). Growth rate thresholds specify the length increase between the smolt and grilse stages above which reproduction after one winter at sea is favoured over later maturity. Our simulations indicated that increased growth generally favours earlier, but never delayed, maturity. Optimal growth rate thresholds for sea age at maturity are highly sensitive to survival but only moderately sensitive to fecundity, smolt size, and smolt age. Depending on an individual's growth rate at sea, early maturity is favoured by decreased smolt age or by increased smolt length, fecundity, or survival (freshwater or marine). We suggest that future Atlantic salmon life history research focus upon reaction norms and growth rate thresholds for age at maturity, demographic and genetic consequences of male parr maturation, and the origin and maintenance of coexisting anadromous and nonanadromous life history polymorphisms.
Chambers 1896; Huntsman 1931), considerable research has been directed to identifying the causal basis for population differences in the ages at which salmon migrate to and return from the sea (e.g., Schaffer and Elson 1975; Power 1981; Myers and Hutchings 1987; Metcalfe and Thorpe 1990 ; see also the review by Gardner (1976) and the papers contained in Meerburg (1986)) , and for population differences in the incidence of early maturity among males (e.g., Jones 1959; Thorpe 1975; Thorpe et al. 1983; Myers 1984; Myers 1988, 1994 ; see review by Fleming 1996) . Within this research milieu, our objectives were to describe spatial and temporal life history variation throughout the geographical range of Atlantic salmon and, using the life history trait associations that emerged, to predict optimal responses in sea age at maturity effected by changes to growth rate and survival.
Naturally reproducing Atlantic salmon exist throughout the North Atlantic coasts from Maine to northern Labrador in North America, throughout Iceland, Ireland, and Great Britain, and in mainland Europe from northern Spain to the Kara River, Russia (Berg 1948; Nielson 1961; Scott and Crossman 1973) . Anadromous individuals typically spend 20-50% of their life at sea; nonanadromous populations spend their entire life in fresh water. Females bury fertilized eggs in the substrate of freshwater rivers and streams in autumn. After hatching, the young obtain nourishment from a yolk sac before emerging from the substrate in spring. After periods of usually 1 to 5 years in fresh water as parr, anadromous individuals emigrate as smolts and generally spend 1 or 2 (rarely 3 or 4) years at sea before returning to fresh water to spawn. In populations for which migration to sea is not prevented by physical barriers, females are usually anadromous, although there are numerous exceptions in Newfoundland (Hutchings 1986 ) and some elsewhere (Baglinière and Masse 1985 ; also see Fleming 1996) . In contrast, males often reproduce after 1 to 4 years in fresh water, after which they may or may not migrate to sea. Estimates of postreproductive, overwinter survival for mature male parr range from less than 15% (calculated from Hutchings 1985 Hutchings , 1986 to 40% (Myers 1984; Hutchings and Myers 1994) ; those for anadromous males and females are often less than 15% (Bley and Moring 1988) .
There are several means by which one can practically assess the adaptive significance of life history variation in fish, each with its limitations and advantages. These include field (e.g., Reznick et al. 1990; Fleming and Gross 1993) or laboratory manipulation experiments (e.g., Metcalfe et al. 1989; Hutchings 1991) , within-(e.g., Riddell and Leggett 1981; Sandlund et al. 1992) and among-population comparisons in the field (e.g., Leggett and Carscadden 1978; Hutchings 1993; Fox 1994) , and analyses of data from the literature on life history differences within and among species (e.g., Beverton and Holt 1959; Schaffer and Elson 1975; Roff 1984; Hutchings and Morris 1985) . We adopt the last of these to describe and analyse Atlantic salmon life history variation throughout the species' geographical range.
An extensive among-population study allows one to examine life history differences throughout the entire range of variation expressed by a species, thus encompassing the boundaries or potential limits of phenotypic variation. As a consequence, among-population correlations between life history traits can delineate phenotypic patterns to which any general life history model of Atlantic salmon should ascribe (Marschall et al. 1998 ). Limitations to analyzing data from the literature include practical issues such as (1) an inability to quantify measurement errors, (2) unknown sample sizes, and (3) varying numbers of years and time periods over which population means are estimated. There is also the theoretical caveat that associations between life history traits at the population level need not reflect natural selection. This is why we supplemented our analyses with empirically based simulations to predict optimal life history responses within populations.
Published and unpublished data were compiled for 13 life history-related variables for 275 Atlantic salmon populations (Table 1 ; Appendices 1-2) and grouped by region: U.S.A., Québec, Newfoundland, Canadian Maritimes, Iceland, Ireland, Great Britain, mainland Europe, Norway, Sweden, Russia. Naturally, there are a number of means by which populations could be classified. One could argue, for example, that latitudinal groupings might be appropriate. However, given the extraordinary life history variation in salmonids that can exist within narrow ranges of latitude, e.g., incidence of male parr maturity in Atlantic salmon ), survival and egg size in brook trout, Salvelinus fontinalis (Hutchings 1991 (Hutchings , 1993 , and age and size at maturity in Arctic char, S. alpinus, (Skúlason et al. 1998) , even traditional latitudinal classifications can be problematic. The geographical categories in which we have grouped salmon populations approximate those used by national (e.g., Canada's DFO) and international (e.g., ICES) management agencies.
Rather than depicting the current status of specific populations, the data presented in Appendix 1 are intended to reflect the range of natural variation in Atlantic salmon life history. For many populations, data have been obtained from comparatively recent statistics (e.g., Newfoundland populations, 1950s to 1990s), for others they have not (e.g., England, 1920s to 1950s) . With few exceptions (e.g., the American populations), data were collated for populations that are maintained by naturally reproducing salmon. Our data compilation should not be considered exhaustive; there are assuredly data in the secondary literature that we have overlooked. It might be advantageous to use the present initiative as a basis for constructing a web site devoted to Atlantic salmon population data worldwide.
Box-and-whisker plots were used to illustrate geographical differences in life history. These plots are particularly useful for such a comparison because they allow for simple visual inspection of medians (indicated by a bar in each box; Figs. 1-6), data composition (the lower and upper ends of each box represent the 25% and 75% quartiles, respectively), skewness (the position of the median relative to the ends of each box), and data range (the "whiskers" represent lines extending from the top and bottom of each box to adjacent data no more than 1.5 times the inter-quartile range; values beyond this range are indicated by solid circles).
One-way analysis of variance was used to assess the significance of regional differences in life history trait means, calculated as the average of population means within a given region ( Table 2 ). The regions included in each analysis depended upon data availability. Statistical significance was based upon 1000 randomizations of the data (Manly 1991) .
Smolt-to-grilse survival estimates were modified to reflect population differences in sea age at maturity. Unless a population is composed entirely of grilse (i.e., 1SW salmon), survival estimates based upon the numbers of returning grilse relative to the number of smolts that emigrated the previous year will underestimate smolt-to-grilse survival. This is because some proportion of smolts are "pre-determined" to return as multi-sea-winter fish. To account for this bias, we divided reported smolt-to-grilse survival estimates by the percentage of grilse in the population. It should be noted, however, that our estimates of percent grilse (i.e., (n grilse) / (n grilse + n multi-sea-winter salmon)) will be overestimated with the degree of overestimation declining with the true percentage of grilse in a population. The reason for this overestimation is the absence of data on the number of multi-sea-winter salmon that died prior to returning to their natal river. In addition to these caveats, survival estimates for salmon at sea include natural and fishing mortality. Thus, the smolt-to-grilse survival data used here probably underestimate true survival at sea.
To examine how various life history traits and growth rate at sea combine to influence optimal sea age at maturity, we estimated fitness, r, from the discrete-time version of the Euler-Lotka equation, where, for ages x between maturity α and death ω, l x represents the survival probability from birth to the beginning of the spawning season at age x, and m x represents the number of zygotes produced by an individual spawning at age x. Given the paucity of fecundity and survival data for the same population, we examined how changes to single life history traits influence optimal sea age at maturity by holding the remaining traits constant at values equal to the grand means across all populations. These grand means, and their respective population minima and maxima, are given in Table 3 . Age-specific fecundities, m x , were calculated using the fecundity-length relationship intermediate among those reported in Fleming's (1996) review, i.e., the relationship between fecundity (F) and length (L, cm) reported for Scotland's River Dee: F = 0.4667 (L 2.2018 ). The length of fish remaining two winters at sea was assumed to be 20 cm longer than the length of grilse (20 cm being the average difference in length between grilse and 2SW fish among all populations in the present data set). To generate differences in fecundity in our simulations, we held the exponent of the fecundity-length regression model constant at 2.2 and varied the intercept (there was no appreciable difference in the results when holding the intercept constant and varying the exponent).
In our model, survival of 2SW salmon from the smolt stage was set at 55% the survival from the smolt to the grilse stages (55% being the average survival difference reported for a tributary of the Miramichi River; Cunjak and Therrien 1998) . Optimal associations between growth rate at sea (approximated by the difference between smolt and grilse lengths) and sea age at maturity were calculated for the minimum (0.013), average (0.074), and maximum (0.175) smolt-to-grilse survival probabilities reported in Appendix 1. The sensitivity of our simulations to our parameter estimates is evident from the model's graphical results.
To normalize the data and to remove any effect of the mean on the variance, we transformed original data before estimating temporal variation in life history traits (Sokal and Rohlf 1981 ; Appendix 2). The variances of proportional data (i.e., survival, percentage grilse, grilse sex ratio) were calculated from original proportions, p, transformed as arcsin (p ½ ); variances of non-proportional data were calculated from log e -transformations of the original data.
Regional differences in Atlantic salmon life history
Regional differences in age-specific parr length were accentuated by the rapid growth experienced by mainland European populations (Fig. 1A ) in which parr aged 1+ year averaged 17.2 cm in length compared to the non-significant differences among Canadian and Norwegian populations for which regional differences in 1+ year parr length ranged, on average, between 7.8 and 8.8 cm ( Table 2 ). The minimum and maximum parr lengths at age 1+ year for single populations were documented for Norway's Beiarelva (5.2 cm) and France's Adour (19.3 cm), respectively (Appendix 1).
Smolt age differed significantly among regions (Fig. 1B) , ranging from a mean of 1.29 years for European populations to 3.36 and 3.60 years for Newfoundland and Québec populations, respectively (Table 2) . Population mean smolt age ranged from 1.04 years (Nivelle, France) to 5.85 years (George, Québec) (Appendix 1). Among the 94 populations for which data were available, smolt age was uncorrelated with smolt length (r = −0.13, p = 0.24), the latter varying among regions from an average 12.4 and 12.5 cm for British and Icelandic populations, respectively, to 17.6 and 18.0 cm for European and American populations, respectively (Table 2, Fig. 2A ). Among populations, smolt length ranged from 10.5 cm (Nummedals, Norway) to 21.5 cm (George, Qué-bec) (Appendix 1).
Survival during the freshwater stage is usually estimated as the proportion of eggs in a cohort that survive to migrate to sea. The uncertainty associated with this estimate may be considerably greater than that associated with other life history variables. This is because of the numerous parameters, each with an associated measurement error, and many assumed invariant among years, used to estimate egg deposition (e.g., number of females, number of eggs per female, sex ratio of anadromous adults, female weight). Notwithstanding these caveats, there was no significant difference in Fig. 2 . Box-and-whisker plots of smolt length (A) and survival from the egg to smolt stages (B) for Atlantic salmon throughout its geographical range. See Fig. 1 for description of box-andwhisker plots. Fig. 1 . Box-and-whisker plots of parr growth rate (A) and smolt age (B) for Atlantic salmon throughout its geographical range. Explanation of plots: medians are represented by the white bar in each box; the lower and upper ends of each box represent the 25% and 75% quartiles, respectively; skewness is reflected by the position of the median relative to the ends of each box; the "whiskers" represent lines extending from the top and bottom of each box to adjacent data no more than 1.5 times the interquartile range with values beyond this range indicated by solid circles; the width of each box is proportional to the square root of the number of populations represented in each sample. Sample sizes for each region are given in Table 2. egg-to-smolt survival among regions (Table 2, Fig. 2B ). Although sample sizes were small and the range in estimates within regions large, data indicate that mean freshwater survival is highest in Newfoundland and Québec (0.023 and 0.026, respectively) and lowest among Northeast Atlantic populations, ranging from 0.003 to 0.009. Accounting for regional differences in mean smolt age, annual survival probabilities in fresh water ranged from 0.01 in Europe to 0.33 in Newfoundland and Québec (other estimates include 0.15 (Maritimes), 0.10 (Great Britain), and 0.09 (Ireland)).
Growth rate at sea can be approximated as the difference between the lengths of smolts and grilse. The latter differed by 20% among regions (Fig. 3A, Table 2 ) being lowest in the western North Atlantic (regional averages of 53.2, 54.3, and 54.7 cm for Newfoundland, Maritime, and Québec populations, respectively) and highest in the eastern North Atlantic (e.g., 62.0 and 64.1 cm for British and European populations, respectively). On average, the smallest grilse were those in Québec's Jupiter (48.5 cm) with the largest being those in Spain's Narcea (70.0 cm) (Appendix 1). Average length gained at sea between the smolt and grilse stages differed significantly among Newfoundland (37.4 cm), Qué-bec (38.8 cm), Maritimes (40.9 cm), Norway (45.9 cm), and Europe (49.2 cm) (Fig. 3B) .
Mean sea age at maturity differed significantly among regions (Fig. 4A ). Comparing the extremes (Table 2) , American (1.96 years), Norwegian (1.83 years), and mainland European (1.81 years) salmon spend 60 to 70% more time at sea than those in Newfoundland (1.15 years) and Ireland (1.13 years). Among populations, the youngest average sea ages were those for Newfoundland's Wings Brook (1.00 year) and Western Arm Brook (1.01 years) and the oldest for Norway's Vosso (2.58 years) and Årøelva (2.64 years) (Appendix 1). Among regions, the average incidence of grilse ranged from 5% for American populations to 86 and 91% for Newfoundland and Ireland populations, respectively (Table 2, Fig. 4B ). The female sex ratio of returning grilse, varying from 5% (Québec) to 67% (Newfoundland), also differed significantly among regions (Fig.  5A , Table 2 ). Average smolt-to-grilse survival, highest in the Maritimes (0.130) and lowest in Iceland (0.010), did not differ significantly among regions, although sample sizes were low and the range in population estimates within regions high (Table 2 , Fig. 5B ).
Salmon age at maturity (smolt age plus sea age plus 1 year, to ensure that total age represented absolute time between an individual's fertilization and spawning) differed significantly among regions (p < 0.001) (Table 2, Fig. 6 ). The oldest average ages at maturity were found in Québec (6.27 years; species' population maximum of 8.80 years in George), Norway (5.71 years), and Newfoundland (5.58 years) with the youngest observed in Great Britain (4.58 years), mainland Europe (4.08 years; species' popula- tion minimum of 3.21 years in Nivelle), and Ireland (3.86 years).
The freshwater residence period of anadromous salmon declined with increasing parr growth at the population level (r = −0.79, p < 0.001; Fig. 7A ). In addition to being the primary determinant of smolt age, previous work suggests that parr growth rate is also positively associated with the incidence of male parr maturity Thorpe 1986 ) which differs significantly among Canadian populations, ranging from an average of 22% for Québec populations to 57% in Newfoundland (Appendix 1, Table 2 ).
Time spent at sea, a major component of age at maturity for anadromous salmon, was positively associated with growth rate at sea among populations (r = 0.47, p = 0.002; Fig 7B) . Sea age at maturity was not correlated with postsmolt survival at the population level (r = −0.17, p = 0.254).
Predicted optimal associations among growth rate, survival, and sea age at maturity Empirically based model simulations provide one means of identifying optimal associations among growth rate, survival, and sea age at maturity. A primary feature of the results of these analyses ) is the characterization of growth rate thresholds for sea age at maturity, i.e., the 1-year increase in length between the smolt and grilse stages that favours reproduction after one rather than two winters at sea.
Age and length at smoltification appear to have comparatively small influence on optimal growth rate thresholds for sea age at maturity ( Fig. 8A-F) . The primary effects of increases in smolt age and smolt length are increases and declines in growth rate thresholds, respectively, over comparatively small ranges of 5 to 10 cm·year −1 . Increased 1SW survival (i.e., smolt-to-grilse survival) reduces growth rate thresholds for maturation as grilse, irrespective of smolt age or length. In contrast to smolt age and size, survival in fresh water (i.e., egg-to-smolt survival) has a strong influence on optimal growth rate thresholds for maturity (Figs. 9A-C) . A decline in freshwater survival is associated with an increase in the growth rate required for maturity after 1 sea winter to be favoured over maturity after 2 winters at sea. If survival in both fresh water and the sea is low (Fig. 9A) , females are favoured to mature as 2SW fish, independent of growth rate.
Similarly, if survival in both fresh water and the sea is high, maturation as grilse is favoured (Fig. 9C) .
The effect of a decline in smolt-to-grilse survival on growth rate thresholds is similar to that produced by a decline in freshwater survival -increased survival at sea reduces the growth rate at which early maturity is favoured over delayed maturity (Figs. 9D-F) . The main effect of an increase in the sea survival of grilse relative to that of 2SW salmon is also a decline in the growth rate threshold for maturity. Table 3 . Age (yr)-specific schedules of survival and fecundity used to estimate optimal sea age at maturity in Atlantic salmon.
Within the two-fold range of 1500 to 3000 eggs per 50-cm female, as calculated for Atlantic salmon from the regressions given by Fleming (1996) , fecundity appears to have comparably little effect on growth rate thresholds for sea age at maturity, being of import within growth rates of 10 cm yr −1 or less (Fig. 10) . Again, an increase in 1SW survival is predicted to favour earlier maturity, the reduction in growth rate threshold being largely independent of fecundity.
Temporal variation in life history
To illustrate temporal variation in salmon life history characters, we plotted time series of seven traits in populations for which the log e -or arcsin-transformed variances represented the among-population means, minima, and maxima ( Fig. 11 ; Appendix 2).
The longest continuous time series of estimates of percent grilse (24 years; Western Arm Brook; Fig. 11A ) exhibits remarkably low variation with estimates ranging between 95 and 100% although annual fluctuations of 20 to 30% appear to be not uncommon in other populations. Smolt-to-grilse survival, adjusted for grilse percentage as described previously, ranged from 2.1 to 12.2% for Western Arm Brook, the population for which interannual variance in survival represented the among-population average (Fig. 11B) . Annual fluctuations in grilse sex ratio ranged from a low of 5% (NE Placentia River) to as much as 50% (Lomond River) with 10 to 20% being typical (Fig. 11C) . For the only time series of fecundity extending more than 3 years, annual changes of 500 to 1000 eggs per female appear to be not uncommon (Fig. 11D) .
Smolt age fluctuated comparatively little within populations, varying by less than 0.5 year annually within populations (Fig. 11E) . Annual changes in grilse length of 2 to 3 cm appear to be typical (e.g., Western Arm Brook; Can. J. Fish. Aquat. Sci. Vol. 55(Suppl. 1), 1998 Fig. 8 . Effect of smolt age (A-C) and smolt length (D-F) on growth rate thresholds for sea age at maturity in female Atlantic salmon at low (0.0135), average (0.0740), and high (0.1740) rates of smolt-to-grilse survival. Growth rate thresholds, identified by continuous lines in each bivariate plot, identify the growth rate at sea, approximated here as the difference in length between smolts and grilse, that must be exceeded for maturity after one winter at sea (1SW) to be favoured (i.e., have a higher fitness, r) over the strategy of maturing after two winters at sea (2SW). Thus, combinations of smolt age or smolt length and growth at sea that lie to the right of each line are those that favour maturity after one winter at sea; those to the left of each line favour maturity after two winters at sea. Fig. 11F ) although for some populations (e.g., Conne River) this variable is remarkably constant. Annual fluctuations in smolt length are typically less than 1 cm, as indicated by salmon from Norway's River Alta (Fig. 11G) .
Temporal variation in life history characters was generally uncorrelated with life history trait means of other characters. A notable exception was a negative association between sea age at maturity and temporal variance in survival at sea for 15 populations throughout the species' geographical range (r = −0.51, p = 0.025).
Our initial postulate that life history variation in Atlantic salmon is matched by few vertebrates seems an appropriate characterization of the life history data available for this species. There are sufficient data on Atlantic salmon to construct an empirical framework against which life history responses to changes in growth rate and mortality can be predicted. What cannot as yet be predicted with confidence is the rate at which such changes might occur. This is a question of quantitative genetics and phenotypic plasticity, and the answer(s) depend upon the amount of heritable variation in life history traits, the sign and magnitude of genetic correlations among traits, the existence of reaction norms, and temporal variation in the environment (Charlesworth 1990; Roff 1997) . Based on previous research (see also Fleming 1998; Marschall et al. 1998; Metcalfe 1998) , the spatial and temporal data presented here, and our optimality modelling of sea age at maturity, there are sufficient data from which some general conclusions regarding the effects of growth and survival on Atlantic life history can be drawn. Following a discussion of these below, we suggest areas of research, for which there is comparatively little information, upon which future work on Atlantic salmon life history might focus.
Influence of growth rate on seaward migration and maturity as parr
The negative association between parr growth rate and smolt age (Fig. 7A) is consistent with individual and population studies in the wild and in the laboratory. The hypothesis that increased growth rate in fresh water leads to decreased age at smoltification was first proposed by Dahl (1910) . He postulated that the reduction in length of growing season was responsible for the increase in smolt age with latitude in Norwegian populations. Power (1981) also found smolt age in Québec, Newfoundland, and Labrador populations to be negatively associated with length of growing season. Metcalfe and Thorpe (1990) have shown that this negative association persists throughout the geographical range of Atlantic salmon and that more than 82% of the amongpopulation variation in smolt age can be explained by a temperature-and photoperiod-based metric of growth rate in freshwater. At the individual level, Menzies (1927) observed that the oldest smolts in two Scottish populations tended to be those having the slowest growth rates as parr. This negative association between parr growth rate and smolt age, further noted by Jones (1959) and Shearer (1972) , has been documented repeatedly in the laboratory (e.g., Thorpe 1977; Thorpe and Morgan 1980; Saunders et al. 1982 ; see Thorpe 1986 and Saunders 1986) .
How might increased growth rate be related to the fitness benefits of early maturity? Rapid growth during prereproductive ages reduces the time required to attain a size at which reproduction is possible. By shortening this period of time, an individual increases its probability of surviving to reproduce. For anadromous salmon, the sooner an individual migrates to sea, the sooner it reaches a size at which it can reproduce. This provides one explanation for the negative association between parr growth rate and smolt age among Atlantic salmon populations. Similarly, increased incidence of maturity with increased growth rate can be interpreted as an adaptive response by male parr (Hutchings and Myers 1994; Thorpe et al. 1997; Metcalfe 1998) . Such a maturation response appears not to be adaptive for female parr, presumably because the fitness benefit of increased pre-reproductive survival does not outweigh the fitness cost of the low fecundity effected by small body size.
Fitness trade-offs between early and delayed maturity at sea
Previous support for the hypothesis that growth rate at sea influences sea age at maturity has been equivocal. In his review, Gardner (1976) found evidence of both positive and Fig. 10 . Effect of fecundity on growth rate thresholds for sea age at maturity in female Atlantic salmon at low (0.0135), average (0.0740), and high (0.1740) rates of smolt-to-grilse survival (A-C). Growth rate thresholds are defined further in the caption for Fig. 8. negative associations between growth at sea and time spent at sea, concluding that, "it is certain there is no causal or universal relationship between growth rate … in the sea, and the age at eventual return to fresh water" (Gardner 1976:320) . Similar to our pattern (Fig. 7B) , Schaffer and Elson (1975) previously documented a positive association between growth at sea and age at maturity for 14 North American populations, although their observation was supported neither by a re-analysis of the same data nor by an analysis of an expanded population data set (Myers and Hutchings 1987) .
Our modelling of growth rate thresholds provides an empirical framework against which changes in sea age at maturity effected by changes in growth rate at sea can be predicted. For a given age-specific schedule of survival and fecundity, i.e., within a single population, optimal sea age at maturity is predicted to either decline or remain constant with increases in growth rate at sea (Figs. 8-10) ; delayed maturity appears not to be favoured by increased growth rate, all else being equal. The conclusion that earlier age at maturity is an adaptive response to increased growth rate at sea is consistent with theory (Roff 1992; Stearns 1992; Hutchings 1993 Hutchings , 1996 and with life history patterns observed in Atlantic salmon (e.g., and other salmonids (e.g., Hutchings 1996 Hutchings , 1997 .
For a given growth rate at sea, our modelling suggests that uncorrelated changes to single life history characters will often have no effect on sea age at maturity. However, when an individual's growth at sea is encompassed by the range of growth rates within which changes to sea age at maturity are predicted to be favoured by selection, uncorrelated changes to single traits influence optimal age at maturity. Early maturity (i.e., maturation as a 1SW rather than a 2SW salmon) is favoured by increases in smolt length, fecundity, survival in fresh water or at sea, and survival of grilse relative to that of 2SW salmon (Figs. 8-10 ). Delayed maturity is favoured by reductions in smolt size, fecundity, and survival, but by increases in smolt age.
The fitness simulations may provide some insight into the causal basis for regional differences in Atlantic salmon life history. For example, compared to Newfoundland populations, European salmon grow rapidly at sea but spend almost twice as much time in the marine environment before spawning. According to the life history simulations, such an association between growth rate and sea age at maturity is adaptive only when smolt-to-grilse survival at sea, and secondarily egg-to-smolt survival, is low. At the other extreme, the observed associations among smolt age, smolt length, growth at sea, and sea age at maturity for Newfoundland populations suggest that survival at sea, and secondarily survival in freshwater, is comparatively high.
Does age at maturity covary with temporal variation in survival?
We documented a negative association between sea age at maturity and temporal variance in smolt-to-grilse survival at sea. One implicit assumption of our analysis was that varia-Can. J. Fish. Aquat. Sci. Vol. 55(Suppl. 1), 1998 tion in survival from the smolt to the grilse stages accurately reflected variation in survival after the grilse stage. This assumption appears reasonable, given the significantly positive correlation that exists between the variances in smolt-togrilse and smolt-to-2SW survival probabilities for salmon in the Rivers Vesturdalsa, Bush, Imsa, and North Esk (r = 0.99, p = 0.003; ICES 1994a).
Although life history theory provides no clear prediction of how variation in survival at potentially reproductive ages should influence age at maturity (Charlesworth 1994) , we suggest that as variation in smolt-to-grilse survival increases, so does the uncertainty associated with the probability of surviving two or more winters at sea. In environments where this uncertainty is high, selection may act against genotypes that delay maturity by prolonging the time spent at sea. This might account for the negative association between sea age at maturity and variance in smolt-to-grilse survival observed here.
Future research
Although addressed indirectly by the fitness simulations, we did not examine genotype-by-environment interactions in Atlantic salmon life history. Adaptive phenotypic plasticity, via selection for norms of reaction, provides one means by which genetically based life history responses to environmental change can be effected (Bradshaw 1965; Via and Lande 1985; Stearns and Koella 1986; Hutchings 1996; Roff 1998) . Herein lies one of the gaps in Atlantic salmon research. There is a need for studies that focus on the underlying basis for life history change in Atlantic salmon. Are population changes in life history, e.g., sea age at maturity, or incidence of male parr maturity, generally effected by changes in gene frequencies, a comparatively slow process occurring across generations, or by phenotypic alteration along norms of reaction, a comparatively rapid response occurring within a single generation? Questions that future research might address include: Do reaction norms, such as the predicted growth rate thresholds for male parr maturity and female sea age at maturity, exist in Atlantic salmon? If so, how do the shapes of the reaction norms differ among populations and at different spatial scales? How much additive genetic variance, and thus potential for selection, exists for the shapes of such norms of reaction? Answers to these questions would provide guidance in predicting the rate and direction of life history responses to environmental influences on growth rate and survival.
A second deficiency in our knowledge of Atlantic salmon life history concerns male age at maturity, specifically the demographic and genetic consequences of male parr reproduction. Despite the considerable laboratory (see Metcalfe 1998) and theoretical (Leonardsson and Lundberg 1986; Myers 1986; Hutchings and Myers 1994) interest in proximate and evolutionary mechanisms of male parr maturity, the demographic consequences of early male reproduction has received remarkably little attention, being limited to Myers' (1994) estimate that the increased mortality and delayed age at smoltification experienced by post-reproductive male parr may be responsible for the loss of 60% of the anadromous male salmon production in some populations. How do changes in survival and growth rate at sea influence the incidence of male parr maturity (see also Marschall et al. 1998) ? What are the consequences of male parr maturity to estimates of spawning requirements in Atlantic salmon populations? And, to address an issue that has received no attention in the literature, what are the genetic and ecological consequences of male parr maturity to estimates of effective and minimum viable population sizes?
A third area of life history research that merits study concerns the ecological and evolutionary mechanisms permitting the maintenance of anadromous and nonanadromous populations of Atlantic salmon in systems in which physical barriers to seaward migration are absent. Although it has received comparatively little attention (e.g., Hutchings 1986), the study of coexisting life history polymorphisms in Atlantic salmon seems likely to bear the informative fruits borne by research on resource-based polymorphisms in threespine sticklebacks, Gasterosteus aculeatus, (Schluter 1996) and Arctic char (Skúlason et al. 1998) .
Thus, be it from an ecological, evolutionary, conservation, or harvesting perspective, we anticipate significant contributions to science from Atlantic salmon life history research that focuses upon reaction norms for age at maturity, demographic and genetic consequences of male parr maturation, and the evolutionary and ecological mechanisms that permit coexistence of anadromous and nonanadromous life history polymorphisms.
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